Fluorescent cell labeling is used to identify the specific cell lineages in a tissue or a whole organism. Transgenic organisms with fluorescent reporter genes have been created to visualize specific cell lineages and to investigate cell specific morphologies, motilities, gene expressions, neural activities, intracellular signaling, etc. However, in human cells, transgenes are often silenced during cell differentiation, and so knock-in technology was adopted to label the specific human cell lineages, although the establishment of knock-in human pluripotent stem cells (hPSCs) required considerable efforts. Genome editing technology paved the way to more efficient and useful knock-in methods. Also, we applied a bicistronic 2A-peptide-based co-expression (B2AC) system to the knock-in strategy for the fluorescent cell labeling. By using these technologies, knock-in hPSC lines were established, and the expression of Crx, a specific photoreceptor marker, was revealed during three-dimensional retinal organoid culture. The Crx expression and fluorescent intensity in the cells were positively correlated, suggesting that the B2AC reporter system functioned during human retinal development. The immunohistochemistry of Crx and the maturation of fluorescent reporter cells after long-term differentiation culture indicated that knock-in of the reporter gene did not affect the function of the target Crx gene. B2AC reporter cells successfully represented Crx upregulation by DAPT, a Notch signal inhibitor, during retinal differentiation from hPSC. These results indicated that the B2AC reporter knock-in system could be used to investigate cell transplantation, disease signaling, drug screening, developmental mechanisms, and intracellular signaling.
Fluorescent labeling of specific cell lineages for stem cell therapy
Stem cell therapy is a promising approach for the treatment of a degenerated or damaged central nervous system, including the retina [1, 2] . Dysfunction of retinal pigment epithelium (RPE) and/or apoptosis of photoreceptor (PR) cause visual impairment and eventually blindness (e.g. age-related macular degeneration, retinitis pigmentosa). Previously, several groups proposed efficient protocols for the induction of retinal cells as donor cells, especially RPE and PR, from pluripotent stem cells (PSCs) [3] [4] [5] [6] . In these works, several fluorescent reporter systems were used to identify specific cell lineages. By utilizing the systems, gene expression profiles, cell survival, and cellular function after the transplantation were investigated [7] [8] [9] [10] . These reporter cell lines are (1) transgenic lines with fluorescent reporter gene induction cassettes by cell-specific gene promoters [8, 11] or (2) knock-in lines in which the cell-specific target gene locus is substituted by a fluorescent reporter gene [3, 12] . In the case of transgenic lines (1), the cell-specific gene promoter has to be cloned, although identifying the gene promoter is laborious and time-consuming because specific gene expression is often coordinated with enhancers and/or repressors [13] , and consequently the identified locus can be too long to load in the plasmids. Bacterial artificial chromosomes are thus often used as vectors. In the case of knock-in lines (2), the conventional knock-in technique targets the start codon at the 5'-end of the gene, and inserts the fluorescent protein gene instead of the original exon. The knock-in lines are therefore inherently heterozygous, which could cause a pathogenic phenotype by haploinsufficiency in certain cases [14] . At the 3'-end of the gene, an internal ribosomal entry site (IRES) has been used to induce bicistronic expression of the target protein and fluorescent protein, although the second gene expression is lower than the first gene expression [15] . A small peptide of 18 amino acids from the foot-and-mouth disease virus (2A peptide) could be also used as a co-expression tool [16, 17] . Since 2A peptide undergoes self-processing during its translation, the number of the expressed target protein is theoretically the same as that of the second protein. By using the bicistronic 2A peptide-based co-expression (B2AC) technique, several transgenic animals and cell lines have been established [18] . However, because of the low efficiency of homologous recombination in human cells [19, 20] , the number of established knock-in human PSCs (hPSCs) was limited [21] until the development of genome editing technology.
Genome editing technology for human stem cell research
At first, genome editing by zinc-finger nuclease (ZFN) was applied to the establishment of knock-in hPSC lines [22, 23] . ZFN can induce a DNA double strand break at a specific site, and efficiently lead to homologous recombination in the presence of donor plasmid. Within several years, the newly-developed transcription activator-like effector nuclease (TALEN) [24] was utilized for the knock-in [25] . Since the multiple units of amino acids of TALEN recognize the DNA sequences and each unit corresponds to one DNA base pair, the construction of the TALEN for the specific target gene is simple. More recently, clustered regularly interspaced short palindromic repeats (CRISPR) -associated protein 9 (Cas9) [26] [27] [28] [29] was also used. CRISPR/Cas9 is a useful tool, because its target is specified by single-guide RNA (sgRNA), and the target can be changed by converting the 20bp sgRNA sequence.
As the transgenic reporter hPSC lines were differentiated into specific cell lineages, a reduction in reporter expression was observed [30] , possibly thorough several mechanisms including non-coding RNA-directed gene silencing [31] . To avoid silencing of the fluorescent reporter gene, the AAVS1 site enclosed by insulators is often used [32] . Previously, we inserted a human Crx-promotor-induced GFP expression gene cassette at the AAVS1 site in hPSC by using ZFN [33] . Crx was identified as the homeodomain transcription factor, which plays a key role in photoreceptor development and maintenance [34] [35] [36] . Thereafter, mouse Crx promoter (~2kb upstream of Crx gene) was specified and used in the reporter cassette [11] . The human genomic region corresponding to the mouse Crx promoter was cloned and inserted in the knock-in donor plasmid [33] . The expression pattern of GFP was consistent with photoreceptor precursor morphology and motility, although slight mRNA expression of Crx was observed in the GFP-negative cell fraction. The slight Crx expression could be due to gene silencing of the Crx promoter even in the AAVS1 site. To pursue the stronger correlation between Crx expression and reporter fluorescence, we next applied the B2AC technique to the knock-in system [37] . Although several knock-in hPSC lines were generated using this approach [25, 38, 39] , neither the correlation between target gene expression and reporter fluorescence nor the gene expression profiles during cell differentiation have been investigated.
Gene expression in fluorescent reporter cells derived from B2AC reporter hPSC
To establish B2AC reporter hPSC, we inserted 2A-peptide sequence followed by red fluorescent reporter gene (RFP, E2-Crimson) and a blasticidine-resistance gene (Bsd) expression cassette instead of the stop codon of the target Crx gene (Crx::2A::E2 lines, Figure 1A ). Since the Bsd expression cassette is enclosed by loxP sites, the cassette can be removed by transient expression of Cre recombinase after the selection of knock-in hPSC lines. A DNA double strand break was induced by CRISPR/Cas9. A sgRNA was designed to guide the Cas9 nuclease to cleave the 3'-end of the Crx gene. Although there was concern that the CRISPR/Cas9 system might induce off-target mutation [40] [41] [42] , no mutation at four potential off-target sites was observed in the three selected reporter hPSC lines, which indicated that an appropriate target and amount of sgRNA did not cause off-target mutation. In addition, the recently-developed high-fidelity CRISPR-Cas9 nucleases can be used to reduce off-target mutation [43] . Although knock-in of the reporter cassette did not induce aberrant expression of target and neighboring genes in our experiment [37] , the influence of the knock-in on gene expression should be considered in case of disturbance of the possible enhancer/repressor region(s) in the 3'-UTR side. Recently, retinal layer-like organoids were induced from PSCs in three-dimensional (3D) cell culture [33, [44] [45] [46] [47] . As seen in these works, E2-Crimson positive cells were observed in retinal organoid culture ( Figure 1B ) in accordance with Crx gene expression [37] . During the retinal differentiation culture, the fluorescence of E2-Crimson, the number of E2-Crimson positive cells, and Crx mRNA expression in the E2-Crimson positive cells were all increased [37] , suggesting the co-expression of Crx and E2-Crimson. To confirm the correlation of expression of Crx with E2-Crimson fluorescence, E2-Crimson positive cells were flow-sorted by fluorescence activated cell sorting (FACS). The expressions of Crx and other retinal genes were evaluated by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). At several time points, differentiated cells were sorted and the mean fluorescence of E2-Crimson and total Crx expression in the cells were associated and found to be positively correlated [37] . Also, little or no Crx expression was observed in the E2-Crimson-negative cell population [37] , indicating the high selectivity of gene expression monitoring in B2AC reporter cell lines.
Differentiation of B2AC reporter cells in long-term 3D differentiation culture
Target Crx protein in B2AC reporter cells seemed to be intact and functional, because the immunostaining showed that the expressed Crx protein was localized in the nucleus, as with wild-type Crx protein seen in previous works [33, 45] . Therefore, B2AC reporter positive cells were expected to differentiate towards mature rod/cone photoreceptors. Indeed, E2-Crimson positive cells expressed neural retina leucine zipper protein gene (Nrl), a master regulator gene of rod photoreceptor [48] . Nrl expression was observed from Day 150 and increased thereafter, indicating that rod differentiation required long-term differentiation culture [37] , which was consistent with previous works [3, 46, 49] . At Day 150, E2-Crimson positive cells expressed rhodopsin, a rod-specific marker, also indicating the maturation of the cells into rod photoreceptors in the long-term differentiation culture. To obtain the fully differentiated photoreceptors, the selected three Crx::2A::E2 cell lines were maintained in 3D retinal organoid culture for a longer period (up to 294 days). Unfortunately, the morphologically developed inner/outer segments were not observed in E2-Crimson positive cells even at the last stage, suggesting that modified 3D culture protocol should be used for the morphological maturation of PR [47] . Nevertheless, the expression of photoreceptor-related genes was observed in E2-Crimson positive cells [37] . Crx and Nrl expression in the last stage differed between the three Crx::2A::E2 lines, indicating that a difference in the culture conditions and/or epigenetic states can change the final cell fate. To examine the expression of these genes in more detail, we associated the Crx or Nrl expression pattern with each rod photoreceptor-related gene expression pattern.
Interestingly, the genes were separated into Crx and Nrl dominant groups [37] . The expression pattern of Crx was correlated with that of Otx2, HCN1, Gnat1 and Pde6b (defined as Crx dominant genes), whereas the expression pattern of Nrl was correlated with those of Rho and Cnga1 expression (defined as Nrl dominant genes). Since Nrl expression requires the expression of retinoid-related orphan nuclear receptor β (RORb) [50] , RORb expression was examined, and found to be predominant in E2-Crimson positive cells and correlated with Crx expression [37] , indicating that RORb expression was closely associated with Crx expression. Overall, the differentiation of Crx::2A::E2 cell lines into mature PRs (at least genetically) indicated that the target Crx protein was functional, and accordingly validated the B2AC reporter knock-in strategy for long-term Target gene expression is monitored by B2AC reporter to study intracellular signaling (red). B2AC reporter cells were maintained during long-term differentiation culture for human developmental biology (orange). B2AC reporter cells can be induced from disease model hPSC lines to investigate the disease mechanism (green) in the target cells. Specific cell lineages can be flow-sorted and used for cell transplantation (blue). Cell survival rate or target gene expression can be monitored by B2AC reporter in a multiple well plate reader for drug screening (purple). differentiation culture.
Applications of B2AC reporter hPSC lines
By using the Crx::2A::E2 cell lines, we further investigated the effect of DAPT, a γ-secretase inhibitor, on the differentiation of Crx::2A::E2 hPSC lines into photoreceptors. DAPT increases the number of Crx-positive cells derived from hPSC [3, 45, 51] , possibly through Notch signal inhibition [52, 53] . Actually, both the number of E2-Crimson positive cells and the fluorescent intensity of E2-Crimson in the cells increased in correspondence with the increase in Crx expression [37] . To confirm the direct effects of DAPT on the Notch signaling pathway in E2-Crimson positive cells, the expression of Notch downstream genes, Hes1, Hes5, and Hey1 in E2-Crimson positive cells was investigated and it was found that Hes5 expression was significantly suppressed in DAPT-treated E2-Crimson positive cells [37] . Since the HES family proteins antagonize the activity of RAX, which is a homeoprotein transcription factor, for Otx2 expression [13] , HES5 downregulation could activate the Otx2 expression and subsequent downstream Crx expression. These results indicated that B2AC reporter positive fluorescent cells could be discriminated from the negative cells during flow cytometry and that the cellular signaling in the B2AC reporter cells could be specifically investigated. Also, we have noticed that NeuroD1 upregulation and Neuroginin2 (Ngn2) downregulation in DAPT-treated E2-Crimson positive cells [37] . NeuroD1 upregulation could activate phototransduction-related genes in PR [54, 55] . Ngn2 is expressed only in early neural progenitors in the retina [56, 57] . Considering these works, our data suggested that Crx::2A::E2 cell lines exhibited maturation toward the PRs, and that the B2AC reporter system could be applicable to the study of human developmental biology. Since a number of disease model hPSCs have been generated [58] [59] [60] , B2AC reporter lines of these models could be used to investigate the disease signals specifically in the target cells. Also, the B2AC reporter system could be utilized in high-throughput drug screening of chemical libraries [49] . If the specific signaling proteins (e.g. apoptotic proteins) were labelled with B2AC reporter, the signaling cascades could be monitored in the culture without requiring cloning of the promoter of the target genes ( Figure 2 ).
In summary, we showed that the B2AC reporter system could be used to label specific cell lineages and to monitor target gene expression. Fluorescent cell labeling has been carried out by transgene technologies, although the transgenes are often silenced in differentiated human cells. Recent genome editing techniques enabled us to efficiently insert the reporter gene into defined human genome sites.
Combined with a 2A-peptide based approach, the 3'-UTR targeting knock-in reporter system successfully monitored the target gene expression without using the gene promoter. Since there is basically no limitation on choosing a target gene, the B2AC reporter knock-in system would be applicable to any studies on cell transplantation, disease signaling, drug screening, developmental mechanism, intracellular signaling, and so on.
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